172 (word limit is 250) Body of the paper: 3241 words. MEMORABILITY IN ULTRA-FAST RSVP 2 Abstract
Introduction
Our understanding and memory of natural scenes is seemingly effortless and limitless (Brady, Konkle, & Alvarez, 2008; Hollingworth, 2004; Potter, 1976; Standing, 1973; Thorpe, Fize, & Marlot, 1996) . Recently however, researchers have shown that scenes vary dramatically in the likelihood that they will be remembered (Isola, Xiao, Parikh, Torralba, & Oliva., 2014 ; see also, Bainbridge, Isola, & Oliva, 2013; Bylinskii, Isola, Bainbridge, Torralba, & Oliva, 2015; Khosla, Raju, Torralba, & Oliva, 2015) . These studies showed that after 2.4 seconds of uninterrupted encoding time, some visual scenes are more likely to be remembered than others, and this difference in memorability was furthermore found to be consistent across observers and retention intervals ranging from 36 seconds to 40 minutes, thus suggesting that long-term memorability is an intrinsic property of a visual scene.
Thus far, research on long-term picture memorability has focused primarily on examining which properties of a picture might be predictive of its long-term memorability. In addressing this matter, it has been found that people's judgments about whether a picture is interesting, memorable, or aesthetic are negatively -not positively -correlated with actual memorability, thus making clear that these intuitive judgments are very poor predictors of memorability (Isola et al., 2014; Khosla et al., 2015) . In another approach, researchers have used computer vision algorithms to quantify various low and high-level image statistics and to correlate them with memorability. This computational work has shown that memorability is not associated with low-level properties such as the mean or variance in hue, saturation, or luminance, or the area occupied by objects and the number of distinguishable objects present in a picture (Isola et al., 2014) . Instead, high-level properties such as scene category and scene descriptors did combine to produce a rank correlation of predicted and empirical memorability of .54, and this correlation was based on the combined predictive value of many scene descriptors that produce either positive or negative effects on memorability. Specifically, Isola et al. concluded that "people, interiors, foregrounds, and human-scale objects tend to contribute positively to memorability"
whereas "exteriors, wide-angle vistas, backgrounds, and natural scenes tend to contribute negatively to memorability (p. 10)". In a similar vein, Khosla et al. concluded that the predicted memorability of a picture decreases across pictures showing "people, busy images [lots of gradients], specific objects, buildings, and finally open scenes" (legend Figure 5 in Khosla et al.) . Taken together, these results of modeling picture memorability make clear that while pictures of people are generally more memorable than pictures of landscapes, there also exists considerable variability in the contents of memorable and non-memorable pictures.
The Current Study
While previous studies have thus sought to identify correlates of long-term picture memorability in image statistics and people's intuitive judgments, the aim of the current study was to explore the perceptual correlates of picture memorability. Are memorable pictures more quickly understood than less memorable pictures, or do they actually take longer to understand? Using rapid serial visual presentation (RSVP), Potter (1976; see also Intraub, 1980) found that visual recognition of pictures shown in RSVP increases from near chance at 100 ms to more than 90% accuracy at 1 second per picture, thus suggesting that the difference between memorable and nonmemorable pictures might be determined by processing that only begins after the first 100 ms and builds up over the first second. In addition, the results of Potter and colleagues showed that when memory was tested with a name (e.g., "two people eating"), performance after a presentation duration of 167 ms was nearly as good as when tested with the picture itself (Potter, Staub, & O'Connor, 2004) , showing that conceptual information is available from brief presentations of pictures. Perhaps most dramatically, recent studies (e.g., Potter, Wyble, Hagmann, & McCourt, 2014) have shown that conceptual and visual recognition is well above chance after presentations as brief as 13 ms in a short RSVP sequence, thus suggesting that the influence of long-term picture memorability might already be seen after only 13 ms of uninterrupted processing time.
In the current study, we examined whether and how long-term memorability influences the initial encoding of a visual scene. To this end, we compared immediate visual recognition performance for highly memorable and less-memorable scenes (from Isola et al., 2014) that were embedded in an RSVP of six scenes, all new to the viewer on every trial. By varying the presentation duration from only 13 ms to 360 ms, we aimed to establish at which duration an advantage for immediate recognition of memorable pictures would arise, thus shedding light on the rate at which the features underlying image memorability can be extracted. Thus, the current study aimed to determine whether the difference between memorable and less memorable pictures is associated with visual features extracted early in visual processing, or whether the difference only emerges when the pictures can be processed and inspected for several hundred milliseconds (e.g., Isola et al, 2014; Khosla et al., 2015) .
Method
Our selection of memorable and non-memorable pictures was drawn from the stimulus set used by Isola et al. (2014) , which includes 2222 pictures rank-ordered in terms of their long-term memorability, based on 665 participants. From this set, we selected the 136 most and the 136 least memorable pictures for use as targets and recognition foils in the RSVP task (see examples in Figure 1 ). The memorable pictures included many pictures of humans, indoor scenes and human-scale objects, whereas the non-memorable pictures included more pictures of outdoor scenes and large spaced interiors, as noted by Isola et al. (2014) and Khosla et al. (2015) . Filler pictures were taken from the remaining pictures of intermediate memorability. Every picture was new to the participants, and no picture was repeated in the experiment. Each trial consisted of a sequence of six pictures, followed by a test picture.
On target-present trials, the test picture matched one of the pictures of the sequence and this picture could be a memorable or a non-memorable picture. On target-absent trials, all six pictures in the sequence were fillers, and the non-matching test picture was equally likely to be drawn from the memorable or non-memorable set. The duration of each picture in the sequence was 13, 27, 53, or 80 ms in Experiment 1 and 80, 120, 200, or 360 ms in Experiment 2.
Participants
The participants in the study were 32 volunteers from the MIT community who were paid $12 for their participation. All signed a consent form approved by the MIT Committee on the Use of Humans as Experimental Subjects. Sixteen participants (age range 18-29, 11 female) were in Experiment 1, and the other 16 participants (age range 18-26, 10 female) were in Experiment 2. The number of participants was chosen to allow for counterbalancing of which pictures occurred across four durations and four serial positions. The decision on the number of participants was made based on previous research using a similar task (e.g., Potter et al., 2014) showing that 16 was sufficient for robust above-chance recognition of pictures shown in ultra-rapid RSVP. The number of participants in each experiment was thus decided upon in advance.
Materials and apparatus
The presentation of stimuli and the registration of responses were controlled using MATLAB 2012A, the Psychophysics Toolbox Extension (Brainard, 1997) .
Timing precision was controlled by using Wyble's Stream package for MATLAB.
We checked the timing on the RSVP sequence of each trial and excluded trials in which a timing error of + /-3 ms or greater affected the target picture. The experiment was run on a Mac Mini with a 2.4 GHz Intel Core 2 Duo processor and a 17-inch CRT monitor, with a 1024 x 768 resolution and a 75-Hz refresh rate.
As described above, the stimuli were selected from the 2222 color photographs used by Isola et al (2014) that were rank-ordered by memorability.
Design
Both experiments had a 2 x 2 x 4 within-subjects design, with the factors being Memorability (high versus low), Target (present versus absent), and Duration (13, 27, 53, 80 ms for Experiment 1; 80, 120, 200, and 320 ms for Experiment 2). On target-present trials the target picture was equally often presented at the second, third, fourth or fifth position in the RSVP sequence. The selection of target pictures was controlled in such a way that the same picture was used equally often in each temporal position and in each duration condition across our 16 participants. The different trial types were randomly intermixed across four blocks of 64 trials, with the constraint that every block included 32 target and 32 non-target trials. The number of trials was chosen to keep the total length of the experiment short enough to maintain the attention of the participants (256 trials plus 16 practice trials; data from practice trials were excluded from statistical analysis).
Procedure
As illustrated in Figure 2 , each trial started with a fixation cross that was shown for 500 ms. After the fixation cross, there was a 200-ms blank interval before the presentation of the RSVP stream. For Experiment 1, each picture was shown for just 13, 27, 53, or 80 ms, and for Experiment 2, for 80, 120, 200, or 360 ms. After the presentation of the RSVP stream there was a 200-ms blank interval before the appearance of the test image, which was presented for 400 ms followed by a blank.
Participants indicated whether the test picture matched a picture in the sequence, using the "Y" and "N" keys of the keyboard. 
Data Analysis
Recognition accuracy was calculated using the measure of d' (Stanislaw & Todorov, 1999) which was computed separately for each subject for each duration and memorability condition, based on 16 target-present and 16 target-absent trials in each of the eight conditions. That is, the false-alarm and hit rates were calculated separately for memorable and non-memorable test pictures at each duration, to control for potential differences in response bias to the two sets of pictures. We also carried out separate repeated measures ANOVAs for Experiments 1 and 2 on hit and false alarm rates, with duration and target memorability as within-subject factors: these results are reported in the Appendix. For all results from the RM-ANOVA, we calculated the generalized eta-squared -η G 2to provide a measure of effect size (Bakeman, 2005) . In interpreting this measure of effect size, the common guidelines are that an η G 2 = .02 is considered a small effect, whereas an η G 2 = .13 is considered a medium-sized effect, and η G 2 = .26 is considered a large effect (Bakeman, 2005; Cohen, 1988) . For pair-wise t-tests, we report the confidence intervals of the mean difference, and we calculated the effect sizes in Cohen's d (Cohen, 1988) , taking into account the correlations between the paired observations (Morris & DeShon, 2002) .
We excluded five trials in Experiment 1 and two trials in Experiment 2 due to timing errors in the presentation of the pictures.
Results
In analyzing the data, we ran two separate repeated measures ANOVAs for Experiments 1 and 2, using d' as the measure of recognition performance, and using duration (13, 27, 53, or 80 ms for Experiment 1, 80, 120, 200, or 360 
ms for
Experiment 2) and target memorability as within-subject factors.
As illustrated in Figure 3 , the results for Experiment 1 showed significant main effects of memorability, F(1, 15) 
Discussion
In the current study, we explored whether pictures that show better longterm retention after 2.4 seconds of encoding time are also perceived more readily when shown in an RSVP sequence for very brief durations. Replicating the results of earlier work (Potter et al., 2002a; Potter et al., 2014) , our findings show that both memorable and non-memorable pictures could be recognized at above-chance levels even after being shown for only 13 ms. Crucially, pictures found to be memorable in the earlier long-term memory study by Isola and colleagues (2014) were perceived more readily in RSVP at durations of 13 ms and higher. Performance for memorable pictures improved markedly with increasing duration, whereas performance for the non-memorable pictures only started to improve beyond durations above 120 ms and never caught up with performance for the memorable pictures.
An important implication of the current findings stems from the fact that an extremely brief, pre-and post-masked exposure in ultra-rapid RSVP precludes the opportunity for deep encoding and reflection on the contents of a picture. Specifically, at rates as rapid as 13 or 27 ms per picture, the only information available for processing is the information that can be extracted from feedforward activation, as these rapid rates do not allow for enough time for feedback signals to produce reentrant processing at such short intervals (e.g., Di Lollo, Enns, & Rensink, 2000; Lamme, 2007) . By implication, our finding that memorable pictures were more easily recognized than non-memorable pictures at a duration of 13 ms per picture can be taken to suggest that picture memorability is associated with features that are extracted very early in visual processing. Since Potter et al. (2014) have shown that conceptual and visual recognition is approximately equally good with presentations as brief as 13 ms in RSVP, our findings can be said to corroborate feedforward models of scene recognition (Fukushima, 1980; Serre, Oliva, & Poggio, 2007) which assume that a conceptual understanding of a visual scene can be achieved without feedback. According to this view, the memorability of a picture may be determined by or at least correlated with the level and depth of understanding reached in the initial sweep. We hypothesize that if the features of the picture are not adequate to activate a coherent and rich conceptual interpretation in the first pass (before the masking effect of the following stimulus), processing may be stalled at a low level. With longer presentation times, however, feedback loops (e.g., Lamme, 2007) will eventually lead to some level of encoding, even of the least memorable pictures, and will refine understanding of the more memorable pictures.
Our results suggest that the features underlying long-term memorability of pictures are already extracted during the first 13 to 120 ms of processing. What does this imply about longer-term memory for pictures? We know from other work (Potter, 1976; Potter, Staub, Rado, & O'Connor, 2002b ) that pictures will not be retained in longer term memory unless they have an average of about 500 ms of uninterrupted processing time before the next picture. Intraub (1980) showed, however, that the picture does not need to remain in view during that time: performance is almost as good when the picture is only shown for about 100 ms, followed by a blank interval of 400 ms. Apparently, long-term memory is preferably based on first-pass understanding of the picture, without requiring eye movements to take in further information (contrary to what some have suggested, for example, Konkle et al (2010) p. 1555). Once the picture is understood, longer-term memory seems only to require a time-dependent process of consolidation of what has already been understood and evaluated in the first glimpse.
In short, the present results suggest that there is a strong link between the speed of understanding a picture and the likelihood of remembering it. What you are more likely to remember, you may also be more likely to see.
